ABSTRACT: Eukaryotic phosphatidylinositol-specific phospholipase Cs (PI-PLCs) utilize calcium as a cofactor during catalysis, whereas prokaryotic PI-PLCs use a spatially conserved guanidinium group from Arg69. In this study, we aimed to construct a metal-dependent mutant of a bacterial PI-PLC and characterize the catalytic role of the metal ion, seeking an enhanced understanding of the functional differences between these two positively charged moieties. The following results indicate that a bona fide catalytic metal binding site was created by the single arginine-to-aspartate mutation at position 69: (1) The R69D mutant was activated by Ca 2+ , and the activation was specific for R69D, not for other mutants at this position. (2) Titration of R69D with Ca 2+ , monitored by 15 N-1 H HSQC (heteronuclear single quantum coherence) NMR, showed that addition of Ca 2+ to R69D restores the environment of the catalytic site analogous to that attained by the WT enzyme. (3) Upon Ca 2+ activation, the thio effect of the S Pisomer of the phosphorothioate analogue (k O /k Sp ) 4.4 × 10 5 ) approached a value similar to that of the WT enzyme, suggesting a structural and functional similarity between the two positively charged moieties (Arg69 and Asp69-Ca 2+ ). The R P -thio effect (k O /k Rp ) 9.4) is smaller than that of the WT enzyme by a factor of 5. Consequently, R69D-Ca 2+ displays higher stereoselectivity (k Rp /k Sp ) 47 000) than WT (k Rp / k Sp ) 7600). (4) Results from additional mutagenesis analyses suggest that the Ca 2+ binding site is comprised of side chains from Asp33, Asp67, Asp69, and Glu117. Our studies provide new insight into the mechanism of metal-dependent and metal-independent PI-PLCs.
Engineering of metal binding sites in proteins (reviewed in refs 1-3) has been used to address a variety of problems such as protein-protein interactions and topology of transmembrane domains (4, 5) , regulation of enzyme activity and specificity (6, 7) , and modification of enzyme redox chemistry (8) . Surprisingly, the interchange between positively charged amino acid side chains and metal ions was successfully achieved only in the metal to amino acid direction (9) . To the best of our knowledge, there are no examples in the literature describing a catalytic metal site that would replace, completely or partially, the function of a lysine or an arginine side chain.
Phosphatidylinositol-specific phospholipase Cs (PIPLCs 1 ; EC 3.1.4.10) play a key role in numerous signal transduction pathways in eukaryotic organisms (10) (11) (12) (13) . While the biological role of bacterial PI-PLCs is not clear, it has been shown that these enzymes may contribute to virulence of the respective microorganisms (14, 15) . Since both eukaryotic and bacterial enzymes appear to catalyze the same chemical reactions (12, (16) (17) (18) (19) , bacterial PI-PLCs have been a favorite model system in mechanistic and structural studies because of their low molecular weight and absence of regulatory domains (20) (21) (22) (23) (24) (25) . However, there are significant differences between these two types of enzymes: bacterial enzymes accept only nonphosphorylated phosphatidylinositol (PI) substrates and produce mainly cyclic inositol phosphate (IcP), which is subsequently hydrolyzed at a rate that is 1000-fold slower; in contrast, mammalian enzymes prefer phosphorylated PI substrates and produce IcP and inositol phosphates (IP) simultaneously.
Both mammalian and bacterial PI-PLCs have been proposed to utilize the general acid and general base mechanisms to catalyze the hydrolysis of PI (Figure 1 ), yet their catalytic sites are quite different, as shown in Figure  2A (mammalian PI-PLC-δ1) and Figure 2B (Bacillus PI-PLC). However, there is a striking similarity of the spatial arrangement between the calcium ion in mammalian PI-PLC-δ1 (mPI-PLC) and the arginine side chain in Bacillus PI-PLC (bPI-PLC) (18, 19, 26) . Both structural information 1 Abbreviations: DAG, sn-1,2-diacylglycerol; DHPC, diaheptanoylsn-glycero-3-phosphocholine; DPPsI, 1,2-dipalmitoyl-sn-glycero-3-(1-thiophospho-1D-myo-inositol); EDTA, ethylenediaminetetraacetic acid; HEPES, N-(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid); HSQC, heteronuclear single quantum coherence; [ 3 H]-PI, L-R-[myoinositol-2-3 H(N)]-phosphatidylinositol; IP, inositol 1-phosphate; IcP, inositol 1,2-cyclic phosphate; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser enhancement spectroscopy; PI, phosphatidylinositol; PI-PLC, phosphatidylinositol-specific phospholipase C; Tris, tris (hydroxyethyl) aminomethane; WT, wild type. and the results from stereochemical and mutagenesis studies have indicated that these two similarly positioned positively charged moieties play similar catalytic roles: both stabilize the transition state of the phosphoryl transfer reaction via interaction with pro-S oxygen of the phosphodiester moiety and facilitate deprotonation of the 2-OH of the inositol ring (16, 18, (27) (28) (29) . However, it is not clear whether, and how, the use of Ca 2+ versus Arg could be responsible for the differences in the substrate specificity and the product profile (ratio of the cyclic to acyclic product) between mammalian and bacterial enzymes. To address these questions, efforts from other laboratories have been devoted to engineering the Ca 2+ -independent PI-PLC into a Ca 2+ -dependent enzyme, and vice versa, but so far without success. Specifically, the double mutant bPI-PLC (R69D/K115E) displayed no detectable catalytic activity in either the absence or presence of Ca 2+ , although it was shown to be folded correctly (19) . The authors suggested that the Ca 2+ -binding site in mPI-PLC probably has very stringent steric and electronic requirements (19) . Conversely, an attempt to eliminate the Ca 2+ -dependence of mPI-PLC also failed as the calcium affinity was not mitigated upon mutating the negatively charged calcium binding residues (E390K, E343R, or E390K/ E343R) (30) . It was suggested that the role of calcium is not restricted to providing a positive charge but is also involved in sterically accelerating catalysis via additional interactions with the transition state (30) . This paper describes successful conversion of bPI-PLC into a metal-dependent enzyme by R69D mutation. The kinetic data demonstrate that the presence of Ca 2+ activates the catalytic activity of this mutant substantially, while the structural data obtained by NMR spectroscopy indicate that presence of Ca 2+ is essential for restoring the microenvironment of the catalytic site of the mutant to that attained by the wild type (WT) enzyme. We also used R P -and S Pisomers of the phosphorothioate analogues of phosphatidylinositol to probe the role of Ca 2+ in catalysis. The results of the stereochemical study indicate that in the presence of Ca 2+ R69D is highly specific for the R P -isomer of DPPsI, and its R P /S P stereoselectivity is 5-fold higher than the R P /S P ratio of WT bPI-PLC. In addition, this constructed Ca 2+ binding site was further characterized by site-directed mutagenesis studies and kinetic analyses.
MATERIALS AND METHODS

Materials.
DPPsI was synthesized as reported previously (16) . PI from bovine liver and 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) were purchased from Avanti Polar Lipids. L-R-[myo-inositol-2-3 H(N)] Phosphatidylinositol ([ 3 H]-PI) was purchased from Dupont NEN. 15 Construction and Purification of Metal Dependent Variants. Mutations were introduced by the double-stranded, sitedirected mutagenesis method (Stratagene). The mutagenic primers used are listed 5′ to 3′ with base substitutions underlined and codons of interest in italics. Only forward primer sequences are shown for each mutant oligonucleotide, and the mutation produced is in parentheses: 5′-CGC ATT TTT GAT ATC GATGGA CGT TTA ACA GAT G-3′ (R69D); 5′-CGC ATT TTT GAT ATA GAG GGA CGT TTA ACA GAT G-3′ (R69E); 5′-CGC ATT TTT GAT ATC AAC GGA CGT TTA ACA GAT G-3′ (R69N); 5′-CGC ATT TTT GAT ATC GCA GGA CGA CGT TTA ACA G-3′ (R69A); 5′-CGC ATT TTT GAT ATC GGA GGA CGA CGT TTA ACA G-3′ (R69G); 5′-GGA GCT CGC ATT TTT AAT ATT GAT GGA CG-3′ (D67N/R69D); 5′-GGA GCT CGC ATT TTT GAA ATT GAT GGA CG-3′ (D67E/R69D); 5′-CCA ATT ATT ATG TCT TTA AAA AAA CAG TAT GAG GAT ATG-3′ (E117Q); 5′-CAA TTC CAG GAA CAC ACG AAA GTG GGA CG-3′ (D33E). Mutant D33N/R69D was constructed by using the R69D primer on the existing plasmid carrying the mutant D33N gene. All mutations were verified by sequencing. Mutant R69C was constructed previously (28) . All mutant proteins were purified as described previously (22, 24) , except that all but the final dialysis buffer included 1 mM EDTA to prevent metal contamination.
ActiVity Assay of PI-PLC with [ 3 H]-PI Substrate. The specific activities of mutants were measured according to the procedure reported earlier (28) with minor modifications. [ 3 H]-PI was mixed with unlabeled PI from bovine liver to obtain an overall PI concentration of 5 mM and a specific activity of ca. 1.25 × 10 6 cpm/mol. In the divalent metal ion activation study, the reaction mixture contained 2 mM PI, 8 mM DHPC, 0-2 mM MeCl 2 , 1 mM EDTA, and 40 mM HEPES, pH 7.5 (NaOH). In the monovalent metal ion activation study, the reaction mixture contained 2 mM PI, 8 mM DHPC, 0-50 mM MeCl, and 40 mM HEPES, pH 7.5, where the pH of the buffer was adjusted by Tris instead of NaOH to avoid introduction of sodium ions. In the monovalent metal ion inhibition study, the mixture included 2 mM PI, 8 mM DHPC, 1 mM CaCl 2 , 0-50 mM MeCl, and 40 mM HEPES, pH 7.5 (Tris base). An aliquot of 20 µL of PI-PLC solution was added to the reaction mixture and incubated at 37°C for 10 min. The concentrations of enzymes were adjusted so that the substrate conversion does not exceed 10-30%. The reaction was stopped by the addition of 0.5 mL CHCl 3 /CH 3 OH/HCl (66:33:1). Phases were separated by a brief centrifugation, and radioactivity of 50 µL of the aqueous phase was measured by scintillation counting (Beckman). Enzymatic activity was expressed in µmol × min -1 × (mg of protein) -1 or U/mg. Ca 2+ Titration of R69D Monitored by NMR. Uniformly 15 N-labeled WT and R69D were expressed in M9 minimal media using 15 NH 4 Cl as a single nitrogen source and purified as described above. Two-dimensional 15 N-1 H HSQC spectra of the uniformly 15 N-labeled protein at Ca 2+ concentration ranging from 0 to 5 mM were obtained on a Bruker DRX-800 spectrometer at 37°C. Each sample contained 0.4 mM enzyme and 50 mM HEPES buffer in 90% H 2 O/10% D 2 O, pH 7.5.
31 P NMR Assays with DPPsI. The assays were performed according to the procedure reported earlier (28) . 31 P NMR spectra were recorded on a Bruker DRX-600 spectrometer at 242.88 MHz. The reactions were carried out at 25°C in 50 mM HEPES buffer (pH 7.5). A mixture of S P -and R Pisomers (∼6:4 ratio) of DPPsI at a total concentration of 10 mM and a 4-fold excess of DHPC were dispersed as micelles in a bath sonicator. For the reaction carried out in the absence of Ca 2+ , 0.5 mM EDTA was added to chelate any contaminating metal. For the reaction carried out in the presence of Ca 2+ , 1.5 mM CaCl 2 and 0.5 mM EDTA were added. Reactions were initiated by adding an appropriate amount of the enzyme diluted in the reaction buffer, and a second aliquot of the enzyme was added after the reaction with the preferred (R P ) isomer had been completed. The rates of the reactions were calculated from the linear portions of the plot of the inositol 1,2-cyclic phosphate (IcP) concentration versus time.
RESULTS AND DISCUSSION
Construction of a Mutant Showing ActiVation by Ca
2+
. The design of the Ca 2+ binding site was based on the similarity of the spatial arrangement between the calcium ion in mammalian PI-PLC-δ1 (mPI-PLC) and its counterpart arginine side chain in Bacillus PI-PLC (bPI-PLC). In addition, crystallographic structural data show that Arg69 of bPI-PLC is hydrogen bonded to three acidic residues (Asp33, Asp67, and Glu117) ( Figure 2B ), which are located in positions similar to those of Asn312, Glu341, Asp343, and Glu390 that form the coordination sphere of the calcium ion in mPI-PLC (Figure 2A ) (18, 19, 26) . Therefore, eliminating the positive charge of Arg69 while maintaining the negative charges of Asp33, Asp67, and Glu117 as shown in Figure 2C provides a rough blueprint for the future metalbinding site proposed in our studies.
Our approach was first to construct a number of mutants (R69D, R69E, R69G, R69A, R69C, and R69N) and screen them for activation by Ca 2+ under steady-state conditions, by monitoring the formation of IcP. Table 1 shows the activities of WT and various mutants in the conversion of PI to IcP, in the absence and presence of Ca 2+ ions (0.1 and 1 mM). It is interesting that two mutants with carboxyl side chain substitutions at position 69, R69D and R69E, behave very differently. The R69E mutant is inactive (0.044 U/mg, as compared to 3560 U/mg for WT enzyme) and is not activated by any divalent metal ions tested, including Ca 2+ . R69D, on the other hand, is relatively active (0.29 U/mg) and can be further activated ca. 30-fold by Ca 2+ addition. Mutants R69G, R69A, R69C, and R69N were also constructed, and their metal dependencies were examined. None of these constructs was activated by Ca 2+ . These initial results suggested that the presence of an aspartate residue at position 69 creates a catalytic metal binding site. Thus, further studies were carried out and focused on this mutant.
It is important to indicate that all of the assays described in this paper deal with the conversion of PI to IcP (the phosphotransfer reaction), not the hydrolysis of IcP, which occurs 1000 times slower. On the basis of 31 P NMR analysis, we found that like WT bPI-PLC, IcP is also the only detectable product for R69D-Ca 2+ under our experimental conditions.
Metal Ion Specificity of the R69D Mutant. After showing the unique Ca 2+ activation property of R69D, we examined the metal ion specificity of this mutant. The activation of R69D by alkaline earth metal ions was studied first. This mutant was activated to different extents by Mg 2+ , Ca 2+ , and Sr 2+ as shown in Figure 3A . The enhanced activity of R69D by these metal ions obeyed saturation kinetics with respect to the metal ion concentration. Another alkaline earth metal ion, Ba 2+ , neither activated nor inhibited R69D bPI-PLC at concentrations up to 1 mM. The magnitude of R69D activation by different alkaline earth metal ions is summarized in Table 2 . The maximal velocities of R69D complexes with Mg 2+ , Ca 2+ , and Sr 2+ at saturating substrate concentration (2 mM) were 10.2 ( 0.2, 12.0 ( 0.3, and 2.7 ( 0.3 U/mg, which give a 35-, 41-, and 9-fold activation, respectively. The results described above can be considered successful for a de novo metal binding site (31). For comparison, mPI-PLC was activated by Ca 2+ at lower , which forms looser complexes of higher and variable coordination numbers, without directionality, and with variable bond lengths (34) .
In contrast to the alkaline earth metal ions, Co
, Mn 2+ , and Cd 2+ provide different activity-versus-metal ion concentration profiles ( Figure 3B ). These transition metal ions increase the activity of the R69D mutant at low concentrations, reaching maxima at the concentrations of 25, 50, and 100 µM for Cd 2+ , Mn
, and Co
, respectively. The maximal activation is less than 7-fold for Cd 2+ , ca. 14-fold for Mn 2+ , and 18-fold for Co 2+ . Further increases in metal concentration inhibit the enzyme activity, although it stays above the background level even at 1 mM concentration for both Mn 2+ and Co 2+ . The inhibitory effect of Cd 2+ is stronger, and Zn 2+ totally abolishes the activity of the enzyme at <1 mM concentration.
In addition, the effects of alkaline (monovalent) metal ions on the activity of R69D were tested. Na + , K + , and Cs + showed no activation, whereas Li + gave a 5-fold activation at saturating concentrations. None of these monovalent metal ions inhibits the Ca 2+ -induced activity of R69D. Therefore, the sodium ions in the assay system, which were introduced through EDTA and HEPES buffer, should not contribute to the activation and inhibition effects from divalent metal ions described above. Since the activation from Li + is mild and is not likely due to any specific binding to the active site of R69D, the exact cause for this activation was not further pursued.
As a control, the activity of WT bPI-PLC was also examined in the presence of various metal ions. Li + , Na + , K + , Cs + , Mg 2+ , Ca 2+ , Sr 2+ , Ba 2+ , and Mn 2+ all showed slight activation effects (e30%), whereas Co 2+ , Cd 2+ , Ni 2+ , and Zn 2+ brought about severe inhibition. The mechanism of the slight activation effect of some metal ions is not likely due to any specific binding to the WT enzyme as indicated by the 15 N-1 H HSQC experiments (described in a later section). The mechanism of the inhibitory effect of some other divalent ions, which has been observed previously (35) , could be due to the nonspecific binding of the ions at or near the active site. Therefore, the observed activation of R69D bPI-PLC by various metal ions is a specific property of this mutant, most likely resulting from the metal ion binding at the active site.
Structural EVidence for the Catalytic Metal Site in R69D. Heteronuclear NMR spectroscopy was used to examine the possible changes introduced by R69D mutation. We found that the mutation alters signal positions and intensities in both the backbone amide region and arginine side chain ( NH) region of the 15 N-1 H HSQC spectra. Although the changes in the backbone amide region cannot be rationalized without a complete NMR assignment, the changes in the The comparison between the 15 N-1 H HSQC spectra of WT and R69D in their arginine side chains ( NH) region ( Figure 4A,B) shows that the signals of Arg69 and Arg71 disappeared, while the signal of Arg163 is shifted slightly upfield in the R69D mutant. In the absence of global conformational differences between WT and R69D, as indicated by 2-D NOESY spectra (data not shown), these signal changes/disappearances should be expected for those residues that are either mutated or adjacent to the mutation site. Upon Ca 2+ titration of the R69D mutant ( Figure 4C,D) , the signal from Arg71 gradually reappears at the same position as WT, while the signal of Arg163 shifts back to its original position. As a control, the WT enzyme was also titrated with Ca 2+ while the 15 N-1 H HSQC spectra were monitored. No noticeable change was observed in either the backbone amide region or arginine region of the 15 N-1 H HSQC spectrum (data not shown). These results suggest that the R69D mutation triggers local conformational changes and/or perturbed dynamic properties at or near the active site. In addition, binding of Ca 2+ to R69D restores the environment of the catalytic site analogous to that attained by the WT enzyme. Taken together, these results strongly support the hypothesis that Ca 2+ binds to the active site of the R69D mutant, occupies the position of the Arg69 side chain in the WT enzyme, and thereby activates R69D.
Stereochemical EVidence for the Catalytic Metal Site. As has been shown earlier (22, 24, 28) , Arg69 is the key residue responsible for the WT's unusually large thio effect toward
) and very high stereoselectivity (k Rp /k Sp ) 7600). Results from these studies not only provided evidence for a direct interaction between the guanidinium group of Arg69 and pro-S oxygen of the substrate but also suggested that the bidentate interactions of Arg69 during the transition state (hydrogen bonds to both 2-OH and pro-S oxygen of the substrate) could be responsible for these observations. In the study reported previously (16) , a systematic analysis of the origin of the unusually high nonbridging thio effect was conducted through a site-directed chemical modification method-the arginine residue at position 69 was replace by a cysteine residue and then chemically attached to acetamidine (AA), thioacetamidine (TAA), propylamine (PA), and ethylamine (EA). The mutant enzymes featuring bidentate side chains (R69C-AA and R69C-TAA) at position 69 display significantly higher activity, higher nonbridging thio effect, and greater stereoselectivity than do those with monodentate side chains (R69C-PA and R69C-EA) ( Table 3) .
The magnitude of the S P -thio effect was expected to be decreased in the R69D mutant resulting in a relaxed R P /S P stereoselectivity, as has been demonstrated by other Arg69 mutants (e.g., R69K, R69A, R69C-PA, and R69C-EA) (28) . If Ca 2+ indeed substitutes functionally for the side chain of Arg69, as has been demonstrated in the conservative R69 mutants (R69C-AA and R69C-TAA) (28) , the presence of Ca 2+ should restore some of the stereoselectivity lost in R69D. To test this hypothesis, we determined the stereoselectivity of R69D in the presence and absence of Ca 2+ by 31 P NMR. The data, along with those from previous studies (28) , are also summarized in Table 3 .
The results in Table 3 ) was restored to the WT level. These results suggest that the bound Ca 2+ is likely to mimic the bidentate nature of Arg69 and is responsible for the very large S P -thio effect. (ii) In the absence of Ca 2+ , the R P -thio effect (k O /k Rp ) 0.6) of R69D is close to unity; this R P -thio effect increases to 9.4 upon Ca 2+ addition. The latter value is modestly lower than that of WT (k O /k Rp ) 42). Together with the structural data obtained in the previous section, we postulate that the small R P -thio effect demonstrated by R69D originates from increased flexibility in the active site, which allows the enzyme to accommodate a sulfur atom at the pro-R position. Binding of Ca 2+ to R69D likely restores the network of active site interactions, causing this mutant to more closely resemble WT enzyme structurally. This would explain why the R P - thio effect for R69D increases upon Ca 2+ activation. (iii) The observed stereoselectivity (k Rp /k Sp ) can be dissected into the ratio of the thio effects for both R P -and S P -isomers, (k O / k Sp )/(k O /k Rp ). In the presence of Ca 2+ , the R69D mutant (R69D-Ca 2+ ) shows a similar S P -thio effect but a decreased R P -thio effect, as compared to the WT enzyme. Consequently, R69D-Ca 2+ displays higher stereoselectivity (k Rp /k Sp ) 47 000) than WT (k Rp /k Sp ) 7600). However, this increased stereoselectivity does not originate from a more stringent discrimination of Ca 2+ against the sulfur atom (in forming the coordination sphere) as compared to that of the arginine side chain (in forming a hydrogen bonding interaction). Rather, this increase in stereoselectivity is derived from the greater flexibility of R69D-Ca 2+ in accommodating a sulfur atom at the pro-R position of the substrate thus resulting in a relatively small R P -thio effect.
Comparison with Streptomyces antibioticus PI-PLC1. Recently, a bacterial PI-PLC from S. antibioticus (saPLC1) has been shown to be Ca 2+ -dependent (36) . We found that saPLC1 displays an extraordinarily high S P -thio effect (k O / k Sp ) 1.6 × 10 8 ) and very high stereoselectivity (k Rp /k Sp ) 6.2 × 10 6 ) in the presence of Ca 2+ (37) . Both values are 2 orders of magnitude higher than those for WT bPI-PLC as well as R69D-Ca 2+ , which are already among the highest of all enzymes. The detailed mechanistic differences between saPLC1 and R69D-Ca 2+ remain to be established. However, examination of thio effects indicates that the higher stereoselectivity of saPLC1 is derived mainly from a higher S Pthio effect. Further structural and mechanistic comparison between saPLC1 and R69D-Ca 2+ will likely enhance our understanding of the catalytic roles of Ca 2+ in various enzymes.
Further Characterization of the Metal Ion Binding Site Using Multiple Mutants. Since the results in the two preceding sections suggest that the Ca 2+ ion should bind to R69D bPI-PLC at the position occupied by the guanidinium group in the WT enzyme, its coordination sphere is expected to include the side chains of Asp33, Asp67, and Glu117 [i.e., the same residues that are hydrogen-bonded to the Arg69 side chain in the WT enzyme (17, 26, 38) ] as well as the newly introduced Asp69 ( Figure 2C ). To verify the participation of these amino acids in the metal coordination, all three carboxylic acid residues potentially participating in metal ion coordination were mutated (one at a time) to create the following double mutants: D33N/R69D, D33E/R69D, D67N/ R69D, D67E/R69D, R69D/E117Q, and a triple mutant D33N/D67E/R69D.
As shown in Table 1 , in the absence of metal ions the activities of the three double mutants D67N/R69D, D67E/ R69D, and R69D/E117Q are of the same magnitude as of R69D. However, none of the three can be activated by Ca 2+ . These results suggest that Asp67 and Glu117 are involved in the binding of Ca 2+ . Asp33, which forms a hydrogen bond with Arg69 in the WT enzyme, should also be involved in Ca 2+ binding in R69D on the basis of the following results. The activities of all three mutants involving this residue, D33N/R69D, D33E/ R69D, and D33N/D67E/R69D, are all lower than that of the (28) . AA, TAA, PA, and EA stand for the covalently linked functional groups acetamidine, thioacetamidine, propylamine, and ethylamine, respectively. R69D single mutant by 2 orders of magnitude. Noticeably, the D33N/R69D mutant is activated by 1 mM Ca 2+ ca. 50-fold. This prompted us to further examine the behavior of this mutant. As shown in Figure 5 , its activation by Mg 2+ and Ca 2+ has a somewhat sigmoidal form, and the maximal activations are 560-and 150-fold, respectively. Furthermore, the apparent dissociation constant of Mg 2+ is almost 3-fold lower than that of Ca 2+ as given in the legend of Figure 5 . This modest preference of Mg 2+ over Ca 2+ is most likely due to the fact that Ca 2+ favors ligands without nitrogen donors, while Mg 2+ is more flexible in this regard (34) . This discrimination comes at a price of lower maximal activity (1.35 vs 10.2 U/mg with Mg 2+ and 0.37 vs 11.9 U/mg with Ca 2+ ) and lower affinity toward metal ions (0.73 vs 0.18 mM for Mg 2+ and 1.9 vs 0.16 mM for Ca 2+ ) for this mutant in comparison to R69D.
The analyses presented above provide experimental support for the hypothesis that metal coordination at the active site involves the side chains from Asp33, Asp67, Asp69, and Glu117. On the basis of the results in the preceding section, the pro-S oxygen of the phosphate group and possibly the 2-OH group from the substrate should further complement the coordination sphere.
CONCLUSION
The results described here represent the first example of successful engineering of a catalytically functional metal binding site of an enzyme based on mimicry of a positively charged amino acid side chain (arginine) by a divalent metalbinding carboxylate residue. Knowledge of the precise positioning of active site residues and the reaction mechanisms involved were the key factors facilitating our design. The engineered enzyme is characterized by strong metal ion binding and high R P /S P stereoselectivity, reminiscent of other Ca 2+ -dependent PI-PLCs. On the basis of the results obtained, it is concluded that the functional switch of Arg69 into Asp-Ca 2+ has been achieved. Further investigation of this engineered metal-dependent bPI-PLC in the context of other naturally occurring calcium-dependent PI-PLCs could provide insight into how enzymes have evolved from metalindependence to metal-dependence, as well as how the metal binding site is fine-tuned for optimal specificity and catalytic function through the evolutionary process.
